The mitotic spindle checkpoint protein Bub1 has been found to be mutated at low frequency in certain human cancers characterized by aneuploidy. Simian virus 40 large T antigen efficiently immortalizes rodent cells and occasionally transforms them to tumorigenicity. T antigen can also cause genomic instability, inducing chromosomal aberrations and aneuploidy. Here, we report an interaction between Bub1 and T antigen. T antigen coimmunoprecipitates with endogenous Bub1 and Bub3, another component of the spindle checkpoint complex. Genetic analysis demonstrates that the interaction of T antigen with Bub1 is not required for immortalization but is closely correlated with transformation. T antigen induces an override of the spindle checkpoint dependent on Bub1 binding. This interaction with proteins of the spindle checkpoint machinery suggests another role for T antigen and provides insight into its ability to cause chromosomal aberrations, aneuploidy, and transformation.
S
imian virus 40 (SV40) large T antigen is a multifunctional phosphoprotein that has been extensively studied as a model system for understanding diverse and complex cellular phenomena such as nuclear transport, transcriptional regulation, eukaryotic DNA replication, and deregulation of cell growth resulting in neoplastic transformation (reviewed in refs. [1] [2] [3] . T antigen's ability to deregulate cellular proliferation pathways is reflected in its very efficient immortalization of primary rodent cells (4, 5) and transformation of established rodent cell lines to tumorigenicity (6) .
The ability of T antigen to deregulate cell proliferation depends on its specific interaction with a variety of host cell proteins, studies of which have led to the elucidation of many signaling pathways and identification of tumor suppressor genes (reviewed in refs. 1 and 3). The tumor suppressor protein p53, mutated or deleted in the majority of human cancers, was originally discovered as a T antigen interacting protein (7, 8) . Identification of the interaction of T antigen with members of the retinoblastoma protein (pRB) family has also resulted in substantial advances in understanding their normal cellular functions as cell cycle regulatory proteins (9, 10) . More recently, it was found that the extreme N terminus (amino acids 1-70) of T antigen constitutes a bona fide DnaJ domain (11) that is required for efficient viral replication and some transformation functions (1, (11) (12) (13) .
Although T antigen is clearly an extremely versatile oncoprotein, it is a relatively weak transforming protein, unlike the polyomavirus middle T antigen or activated Ras proteins. Even when T antigen is delivered by a retroviral vector into almost every cell in a culture, only a few cells become transformed, suggesting that additional activities or genetic alterations may be required for full transformation (5) . Perhaps germane to the process of oncogenic transformation is the fact that expression of T antigen in human cells has been shown to cause genomic instability by inducing chromosomal aberrations and aneuploidy (14) (15) (16) (17) . Interestingly, the N-terminal 147 aa of the protein, which do not contain p53 binding sequences, can induce genome destabilization as effectively as the WT protein (15) . The ability of T antigen to cause such karyotypic instability in human cells has been found to correlate with its ability to deregulate normal mitotic checkpoints (17) , but the exact mechanism by which T antigen causes karyotypic instability or induces endoreduplication is not known.
We have carried out a yeast two-hybrid screen using the N-terminal domain of T antigen as bait and a HeLa cDNA library as prey and identified the human Bub1 protein kinase as an interacting protein. Bub1 is involved in a checkpoint monitoring assembly of the mitotic spindle (18) (19) (20) . Notably, Bub1 ensures the accurate segregation of sister chromatids at mitosis by monitoring their proper bivalent attachment to mitotic spindles. Bub1 has been found occasionally mutated in certain types of human cancer such as colorectal cancer, which is characterized by chromosomal instability and increased aneuploidy (19, 21, 22) . Our genetic analysis demonstrates that the binding of T antigen to Bub1 is dispensable for immortalization but may be required for transformation. Furthermore, T antigen, but not a non-Bub1 binding mutant of T, overrides the spindle checkpoint. Our results thus suggest an important additional mechanism for the transforming activity of T antigen.
Materials and Methods
Detailed protocols for all of the methods used are in Supporting Text, which is published as supporting information on the PNAS web site.
terminus (PAb423). It was not detected when T antigen was immunoprecipitated with mAbs PAb416, PAb419, or PAb100, probably because of reduced accessibility of the binding site.
Our N-terminal and C-terminal Bub1 polyclonal antibodies were raised in rabbits by using the hBub1 amino acids 1-303 or 691-1085, respectively, fused in-frame to GST. The fusion proteins were insoluble, so inclusion bodies were purified and used for immunization by standard procedures (24) . In addition, Bub1 antibodies from other sources were used to analyze the T antigen͞Bub1 interaction (25, 26) .
Results

Yeast Two-Hybrid Analysis Identifies Bub1 as a T Antigen Interactor.
An amino-terminal fragment of T antigen comprising nucleotides 1-408 (encoding amino acids 1-136) fused in-frame with the LexA DNA-binding domain was used as bait, as shown in Fig.  1a . The LexA-T antigen bait and a LacZ reporter plasmid were transformed into a MAT␣ Saccharomyces cerevisiae LEU2 selection strain. The resulting strain was mated with a MATa strain, which carried a HeLa cDNA library expressed as fusion proteins with the B42 transcriptional activator, and the resulting diploids were plated on selective media lacking leucine to select for interactors. An estimated 3 ϫ 10 5 diploid cells were screened and 122 LEU ϩ colonies were collected after incubation at 30°C for 4 days. Of these, 72 colonies showed galactose-dependent growth on media lacking leucine and galactose-dependent blue color on media containing 5-bromo-4-chloro-3-indolyl ␤-Dgalactoside. The 42 colonies with the strongest phenotype were subjected to sequencing and BLAST sequence comparisons with the GenBank and European Molecular Biology Laboratory databases. This process showed that of the 42 colonies transformed and grown up 39 were ␤-tubulin and 2 were COPII, a vesicle coat protein. The third candidate was a single clone of the carboxyl terminus of Bub1 (encoding amino acids 600-1085), encompassing the protein's conserved kinase domain (Fig. 1b) . Retransformation of clones representing each of these three interactors showed that only Bub1 was a true interactor.
T Antigen and Bub1 Interact as Evidenced by Coimmunoprecipitation.
To confirm our yeast two-hybrid result, we demonstrated the interaction of T antigen with Bub1 by using full-length endogenous proteins in mammalian cell lysates prepared from a wide variety of cell lines such as rat tsa, mouse NIH 3T3, and human U2OS cells. tsa8 and tsa14 cells are conditionally immortal cell lines derived by immortalizing rat embryo fibroblasts (REFs) with the thermolabile tsA58 T antigen (27) . These cell lines grow continuously at the permissive temperature (33°C) but undergo irreversible growth arrest in the G 1 and G 2 phases of the cell cycle upon shift to the nonpermissive temperature (39.5°C), where the tsA58 T antigen is rapidly inactivated (27) (Fig. 2a) . T antigen and Bub1 could be reciprocally coimmunoprecipitated only at the permissive temperature from tsa cells (Fig. 2a) . At the nonpermissive temperature, tsA58 T antigen was absent, thus confirming antibody specificity. As a control for antibody affinity and stability of the protein-protein interaction at 33°C and 39.5°C, SV4 cells were used. These were derived by immortalization of REFs with WT T antigen and can proliferate continuously at both temperatures. T antigen and Bub1 interacted at both 33°C and 39.5°C in SV4 cells. Control immunoprecipitations with an irrelevant antibody demonstrated the coimmunoprecipitation was specific (data not shown).
T antigen also coimmunoprecipitated with Bub1 from NIH 3T3 cells that ectopically express T antigen (NIH 3T3͞T) (Fig.  2b) . As controls, parental NIH 3T3 and NIH 3T3 expressing an empty vector (NIH 3T3͞V) were used. We also examined the interaction in human U2OS cells stably expressing T antigen (U2OS͞T). In these cells we first verified the specificity of the Bub1 antibody by using siRNA technology. The level of endogenous Bub1 as judged by immunoblotting was significantly decreased upon transfection with a specific siRNA duplex targeting Bub1 (Fig. 2c) . Subsequently, we showed that T antigen coimmunoprecipitates with Bub1 in U2OS͞T cells (Fig. 2d) . Taken together, these data show that Bub1 and T interact as assayed by coimmunoprecipitation using either Bub1 or T antigen antibody, and that the interaction can be detected in a wide variety of cell lines.
If T antigen and Bub1 are biological partners, T antigen might coprecipitate with other proteins known to complex with Bub1. Therefore, the interaction of T antigen with Bub3, another component of the spindle assembly checkpoint, was also tested. Bub3 is found in a complex with Bub1 in yeast, mouse, and human cells (18, 26, 28, 29) . The binding of Bub3 to Bub1 is believed to be critical for the localization of Bub1 to the kinetochore (29) . We found that T antigen coimmunoprecipitated with Bub3, both in tsa (Fig. 2a) and NIH 3T3͞T cells (Fig.  2b) , suggesting that T antigen and Bub1͞Bub3 are components of the same protein complex.
Genetic Analysis of the T Antigen͞Bub1 Interaction. To identify the Bub1 binding site on T antigen, we used mutants that have previously been isolated within the amino-terminal 136 aa. Initial experiments were conducted with U2OS lines stably expressing T antigen or various mutants. As shown in Fig. 2d , a deletion mutant of T antigen, dl89-97 (13), failed to bind Bub1 in a coimmunoprecipitation assay, whereas WT T antigen showed significant binding. K1, a mutant (30) which fails to bind pRB family members, retained binding to Bub1 (Fig. 2d) .
These analyses demonstrated that the binding between Bub1 and T antigen required one or more amino acids within residues 89-97 of T antigen. To more precisely map the interaction site, point mutants were generated. Selection of the residues for mutational analysis was guided by their conservation between different polyomavirus family members. As shown in Fig. 3a , a WEXWW motif found within residues 89-97 was conserved between all large T antigens with the exception of mouse polyomavirus T antigen. We concentrated our efforts on mutating every residue of the conserved motif, as well as neighboring amino acids, to alanine by site-directed mutagenesis (alanine scanning mutagenesis). Mutants E90A, W91A, E92A, Q93A, W94A, and W95A were generated for testing in binding assays. pBabe-puro vectors for expression of the mutants were prepared, packaged into retroviruses, and used to infect Rat-1 cells for production of pools of stable cell lines after puromycin selection. Each stable cell line was lysed and immunoprecipitated with Bub1 antibody followed by immunoblotting with T antigen antibody. Whole-cell lysates were analyzed in parallel to assess the amount of T antigen used for the immunoprecipitation. As shown in Fig. 3b , the coimmunoprecipitation analysis revealed that in Rat-1 cells T antigen also associated with Bub1. The deletion mutant dl89-97 was defective for this interaction, consistent with our previous data in U2OS cells (Fig. 2d) . Interestingly, each of the tryptophan substitution mutants (W91A, W94A, and W95A) was largely defective for binding Bub1, whereas mutants E90A, E92A, and Q93A were able to bind Bub1 at levels approaching WT. This result emphasizes the key role played by the conserved tryptophan residues within the WEXWW motif for binding Bub1. Perhaps not surprisingly, the single tryptophan substitution mutants retained some binding, whereas the much broader deletion mutant dl89-97 was almost totally defective. Interestingly, the T antigens encoded by the tryptophan substitution mutants, like the dl89-97 mutant, displayed an aberrant, more retarded mobility on SDS͞PAGE that could be caused by changes in modification.
Bub1 Binding Is Dispensable for T Antigen-Mediated Immortalization.
The immortalization potential of T antigen mutants was determined by retroviral infection of secondary REFs, followed by puromycin selection. After 14 days of puromycin selection, representative dishes were stained and counted to determine the immortalization efficiency of each mutant. At least six colonies were isolated for each mutant T antigen and expanded to determine whether they would establish cell lines. The results for colony formation efficiency from two independent experiments, depicted in Fig. 3c , demonstrate that both the D44N and the dl89-97 mutants readily formed colonies. In addition, colonies isolated for each of these mutants readily established cell lines that could be serially subcultured, demonstrating that they are both able to immortalize REFs. The dl89-97 mutant was slightly more efficient than WT T antigen in colony formation in repeated experiments (Fig. 3c) . Furthermore, all of the point mutants were as efficient or better than WT T antigen when tested for REF immortalization (data not shown). Taken together, these findings demonstrate that the dl89-97 mutant and the point mutants are not universally defective, as would be expected if their structure was globally disrupted.
Interaction of T Antigen with Bub1 Is Closely Correlated with Trans-
formation. Because Bub1 mutations had previously been identified in certain human cancers, we wanted to test whether interaction of Bub1 with T antigen might contribute to its transforming activity. One assay that measures T antigen transforming activity is based on its ability to overcome contact inhibition and form dense foci in Rat-1 cells (30) . Hence, a cDNA expression vector encoding WT T antigen, deletion mutant dl89-97, or each of the point mutants was transfected into Rat-1 cells. Three weeks later dense foci were visualized by staining with crystal violet. A representative experiment is shown in Fig. 4 . Strikingly, the mutant dl89-97 and each of the tryptophan substitution mutants, W91A, W94A, and W95A, were severely defective for focus formation, whereas mutants E90A and E92A showed a partial defect, and mutant Q93A was unaffected relative to WT T antigen. These results correlate with the Bub1 binding data, where dl89-97, W91A, W94A, and W95A have the most severe binding defect and Q93A the least, if any at all. This finding suggests that interaction with Bub1 may be required for efficient T antigen-induced focus formation in Rat-1 cells.
T Antigen Compromises the Spindle Checkpoint. Progression through the spindle assembly checkpoint depends on the presence of a functional mitotic spindle. Disruption of the spindle by microtubule-depolymerizing drugs such as nocodazole causes the cells to arrest in mitosis (20, 31) . If the interaction between T antigen, Bub1, and Bub3 is functional, T antigen expression might alter the normal response of the cells to nocodazole. In fact, a hallmark of mitotic spindle checkpoint-defective cells is a reduced ability to arrest in response to microtubuledepolymerizing drugs (20, 31) . To test this idea directly, we examined the mitotic index of U2OS, U2OS expressing T, or the dl89-97 mutant after treatment with 50 ng͞ml nocodazole for 12, 15, or 19 h. The mitotic index was calculated by counting the proportion of cells with condensed chromatin after visualizing the DNA by using Hoechst 33342 staining. As shown in Fig. 5a , the mitotic index in T antigen-expressing cells was at all time points significantly lower than that of U2OS or U2OS expressing the dl89-97 mutant. To confirm these results, we also determined the mitotic index by staining the cells with antibody to phospho-histone H3, a marker of mitotic cells. After counting nonmitotic cells by visualizing their DNA with 4Ј,6-diamidino-2-phenylindole staining, the proportion of phopho-histone H3-positive cells was then calculated. Based on this approach, 39.9% of the U2OS cells were mitotic versus 40.8% of the U2OS͞ dl89-97 and only 14.6% of the U2OS͞T when the cells were challenged with nocodazole for 15 h. A representative field of phospho-histone H3-positive cells is shown in Fig. 5b for either U2OS͞T or U2OS͞dl89-97. Both assays for measuring the mitotic index, that is, staining with Hoechst or for phosphohistone H3, yielded very similar results and indicated that WT T antigen, but not the Bub1 binding mutant dl89-97, substantially decreased the mitotic index by overriding the checkpoint. Bypass of the spindle checkpoint should also be accompanied by increased endoreduplication in the presence of nocodazole (20) . As shown in Table 1 , we observed that 45.7% of the U2OS͞T cells underwent endoreduplication (Ͼ4 N DNA content), whereas in U2OS and U2OS͞dl89-97 cells only 24.8% and 20.6% underwent endoreduplication after nocodazole treatment. The decreased mitotic index and increased propensity for endoreduplication are both consistent with a T antigen-induced override of the spindle checkpoint dependent on Bub1 binding.
Discussion
We have exploited a yeast two-hybrid screen to search for cellular proteins that interact with the amino terminus of SV40 T antigen. Here, we show that T antigen interacts specifically with the mitotic spindle checkpoint protein Bub1. However, our data do not exclude the possibility that the interaction between T antigen and Bub1 could be indirect. Other tumor viral proteins, such as the human papilloma virus E6 and E7, have also been found to disrupt the mitotic spindle checkpoint and promote endoreduplication when cells are challenged with nocodazole, but the mechanistic basis remains to be determined (32, 33) . There is only one previously reported example of a viral protein that interacts with a spindle checkpoint protein. The human T cell leukemia virus type I Tax gene product was found to target the Mad1 checkpoint protein for degradation, thus eliciting endoreduplication and a multinucleated cell phenotype (34) . We have confirmed the T antigen͞Bub1 interaction by reciprocal coimmunoprecipitation analysis in a wide variety of cell types. Genetic analysis indicates that a specific tryptophancontaining motif on T antigen is required for its interaction with Bub1. Interaction with Bub1 is not required for immortalization by T antigen but may be necessary for transformation. T antigen expression results in a compromise of the spindle assembly checkpoint, such that cell arrest mediated by the presence of a microtubule-depolymerizing drug is attenuated. A T antigen mutant that fails to interact with Bub1 cannot compromise the spindle checkpoint. This finding raises the intriguing possibility that perturbations of the spindle checkpoint resulting in aneuploidy and genetic instability may be a critical component of the mechanism by which T antigen transforms cells.
The binding site for Bub1 on T antigen is distinct from the binding sites for previously reported T antigen interactors. Our genetic analysis of Bub1 binding to T antigen indicates that determinants in the region of helix 4, between amino acids 89 and 97, are critical for the interaction. This segment of T antigen is located between the DnaJ domain (residues 1-70) and the LXCXE motif (residues 103-107) required for binding to pRB family members. The dl89-97 mutant was the most defective mutant for binding Bub1, although each of the conserved tryptophans W91, W94, and W95 in the WEXWW motif were important for efficient binding. The deletion in mutant dl89-97 is unlikely to be grossly perturbing T antigen structure, because dl89-97 T antigen has been shown to possess the ability to alter the phosphorylation state of p130 and target it for degradation, indicating that the DnaJ domain and pocket protein binding functions are intact (13) . Moreover, mutant dl89-97, as well as each of the tryptophan substitution mutants, was still capable of immortalizing REFs as well as or better than WT T antigen (Fig.  3c and data not shown). Dl89-97 T antigen can also bind to Hsc70, pRB, and p53, activate an E2F transcriptional reporter like WT T antigen, and successfully overcome a p53-dependent cell cycle arrest (ref. 35 and data not shown). Thus, the overall structural integrity of dl89-97 T antigen is likely to be preserved. The WEXWW motif is conserved between SV40, BK, JC, and bovine polyomavirus T antigens. The degree of conservation between the viral T antigens suggests an important function for this motif, perhaps in a similar manner to the conserved HPD(K͞R) motif of DnaJ domains. We believe that Bub1 binding constitutes one important function that depends on this conserved sequence motif; however, we cannot rule out the existence of another binding partner that shares the WEXWW binding motif.
An important question arises regarding the functional consequences of T antigen binding to Bub1. We find that T antigen causes an override of the spindle checkpoint in a Bub1 bindingdependent manner. Thus, the mitotic index of T antigenexpressing cells is consistently lower than that of dl89-97-expressing or parental cells in response to nocodazole treatment. This bypass of the checkpoint is accompanied by enhanced rates of endoreduplication. Although the checkpoint is clearly compromised, it is by no means completely abrogated, hence explaining why our phenotype is not as severe as a knockout of a spindle checkpoint gene such as mad2 (36) . We believe that T antigen only causes a limited perturbation of the checkpoint, that nevertheless has the potential to result in chromosome segregation defects and concomitant aneuploidy.
The interaction of Bub1 and T antigen may explain several previous reports that demonstrated that T antigen is able to induce aneuploidy and genetic instability, giving rise to both structural and numerical chromosome aberrations (14) (15) (16) (17) 37) . It had been proposed that this instability was most likely caused by the ability of T antigen to interact with and inactivate the p53 protein. However, it was subsequently shown that an aminoterminal 147-aa fragment of T antigen that is unable to interact with p53 can still efficiently induce instability, and that interaction with pRB was also not strictly required for the induction of genomic instability (15) . Moreover, it was shown that loss of p53 in somatic cells did not result in aneuploidy, although a slight tendency toward tetraploidization was observed (38) . Thus, the mechanism by which T antigen induces genetic instability is not clear. Nevertheless, a potential correlation between the ability of T antigen to deregulate mitotic checkpoints including the spindle assembly checkpoint and to induce chromosomal abnormalities has been proposed (17) . Our data presented here, demonstrating that T antigen interacts with Bub1 within the amino terminus, suggests one potential mechanism for how T antigen, especially the 147-aa N-terminal fragment, may trigger genomic instability. The interaction of T antigen with Bub1 is especially significant in this context because Bub1 has been found to be occasionally mutated in human cancers (19, 21, 22) . One such Bub1 mutant is capable of compromising the normal spindle checkpoint in a dominant negative manner in the presence of WT protein, presumably causing errors in chromosome segregation and aneuploidy (19) . Other reports also support the idea that mutations in mitotic checkpoint proteins can cause genomic instability and in rare cases give rise to cancer (36, 39) . Because tetraploidy is frequently an intermediate step for progression to aneuploidy, it is particularly interesting that T antigen has already been shown to induce tetraploid DNA content in both permissive and nonpermissive cells (37, 40) . We found that Parental U2OS or U2OS lines stably expressing T antigen or the dl89 -97 mutant were treated with nocodazole for 48 h, and the extent of endoreduplication was determined by fluorescence-activated cell sorting analysis. As a control, untreated U2OS cells were analyzed.
dl89-97 T antigen, which does not interact with Bub1, was defective for induction of endoreduplication in the presence of spindle damage. Future experiments should be aimed at determining whether the interaction of T antigen with Bub1 gives rise to structural aberrations such as chromatid exchange, dicentric chromosomes, or alterations in the number of chromosomes.
The most straightforward way to assemble all of the data presented here is that T antigen uses Bub1 in the transformation process by destabilizing the host genome. Interestingly, inhibition of Bub1 in human fibroblasts was recently demonstrated to produce at low frequency aneuploid clones capable of anchorage-independent growth, thus supporting a potential role for Bub1 in T antigen-mediated oncogenic transformation (41) . The fact that most cells expressing T antigen fail to grow as foci suggests that secondary genetic or epigenetic changes may play a role in T antigen-mediated transformation. Also consistent with this idea is the fact that some cells transformed by a temperature-sensitive T antigen allele remain transformed at the nonpermissive temperature (42, 43) . Clearly, these concepts are not mutually exclusive, nor do the rule out other mechanisms.
In summary, the yeast two-hybrid analysis presented here has enabled us to identify an interaction of T antigen with Bub1, a member of the spindle checkpoint protein complex. We have further shown that this interaction causes cells to arrest less efficiently in response to spindle damage and is not required for the ability of T antigen to immortalize cells, but it may be required for transformation. These results provide further insight into the potential mechanism by which T antigen transforms cells.
